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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The laminate load bearing capability is often compromised by the interlaminar failure even though the integrity of the individual 
lamina remains intact. The out-of-plane components of the stress tensor, defined at the interfaces between plies, are typically 
responsible for the delamination of multi-layered materials. Failure models for delamination usually make use of both shear and 
normal interlaminar stresses but their reliable calculation by finite element analysis requires cautions and special techniques. This 
is particularly true for woven composites in which the fabric architecture may generate unexpected local normal stresses and 
consequently influence the fracture occurrence. In this paper a numerical analysis was performed using layered solid elements to 
predict the global response of the laminate. Then sub-modeling techniques are used with several solid elements through the layer 
thickness in order to obtain accurate interlaminar stresses in the critical regions. As case study, the short-beam configuration 
under three-point bending condition was selected. Experimental tests show a reduction of the maximum interlaminar shear stress 
at failure as effect of the span-depth ratio increase for a given laminate thickness. That evidence, assuming a homogenized 
material behavior, is unpredicted because the span-depth ratio increase has no significant influence on the interlaminar stresses. 
The work aims to clarify this not well explained phenomenon with a micromechanics approach. 
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anisotropic elasticity model eventually augmented by damage to account for widespread degradation phenomena, de 
Borst R. and Remmers J.J.C. (2006). The much-studied case is the unidirectional (UD) laminate with all the lamina 
and fiber aligned. Typical failure criteria for aligned fiber composites are those of Tsai and Wu (1971), Hashin 
(1980), Puck and Schurmann (1998), Puck et al. (2002), and Christensen (1997), Christensen (1998). For UD 
laminate it is assumed that only the normal stress and the shear stress acting on a plane parallel with the fibres are 
responsible for the risk of the inter-fiber fracture (IFF) in that plane, Puck, Kopp et al. (2002). Delamination is 
another failure mode which endangers the reliability of composite structures. In fact, the quality of a laminate is no 
better than the capability of the interface between lamina to transmit and transfer loads between adjacent lamina. 
Significant delamination can completely compromise the laminate load bearing function even though the integrity of 
the individual lamina remains intact. Consequently, IFF criteria are not properly suitable for delamination 
phenomena. Delamination plane is usually known but the combined stresses causing delamination are difficult to 
evaluate especially in the vicinity of a free edge, Ngujen and Caron (2009). This is particularly true for woven-fabric 
composites (WF) in which the fabric architecture may generate local stresses affecting the fracture onset. The 
mechanical modeling aimed to the elastic characterization of such structures has been an active area of research in 
the past two decades. Extended review of the existing modeling methods for predicting the fundamental mechanical 
properties of woven composites can be found in Dixit and Harlal Singh Mali (2013). Among all the methods, the 
finite element method (FEM) is most promising, because it allows one to analyze nonlinear systems with general 
boundary conditions and can be adapted to complex geometries. The general procedure to predict the mechanical 
properties of a textile composite using the FEM includes: (i) dividing the composite into repeating unit cells and 
calculating properties of the unit cell; (ii) predicting the mechanical properties of the entire textile structure from 
properties of the unit cell. The layers nature and the lamination sequence are responsible for the anisotropy of the 
laminate. The individual lamina is generally orthotropic and characterized through nine engineering constants, Sadd 
(2004). Each elastic constant remains a homogenized property of the ply, function of the constituents (matrix and 
reinforcement) and their combination style at the micro-scale. At this stage the anisotropic elasticity model can be 
used for predicting WF behaviour at continuum scale, but delamination and other failure mechanisms are potentially 
affected by the information at the micro-scale, definitively lost after homogenization steps. 
In this paper the interlaminar failure of a WF laminate beam under bending was investigated using the sub-modeling 
FEM technique. Experimental studies show a decrease of the interlaminar shear stress at failure as effect of the span-
depth ratio increase for a given WF laminate thickness, Werren (1960), Chatterjee (1996). The classical lamination 
theory, assuming homogenized plies, is not able to predict that effect. The predictive capability of the 
micromechanical model was checked for this issue. 
2. Method 
The reduction of the apparent interlaminar shear strength of a twill woven-fabric laminate as effect of the span-
depth ratio increase for a given sample thickness, t, was experimentally assessed. Overcoming specifications of the 
standard ASTM D2344/D (2000), three-point bending tests, with the span-depth ratio equal to 4, 6 and 8, were 
carried out. During the tests, both the applied load, P, and specimen midpoint vertical displacement, D, were 
acquired. The flexural stress ( f ), the flexural strain ( f ) and the maximum interlaminar shear stress (τsbs) were 
evaluated according to the following formulas:  
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where Pm is the maximum load at failure, b the sample width. 
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To correctly evaluate the interlaminar stresses responsible for the delamination, a numerical procedure based on a 
global/local method for the 3D failure of twill-weave textile composites, as suggested by Woo and Whitcomb 
(1994), was adopted. The nodal displacements of the sub-model were obtained from a global analysis using 
homogenized mechanical properties. Detailed information on stresses was obtained from local-micromechanical 
analysis discretizing the matrix and the fiber bundle. Interlaminar stresses, σz, xz, and yz, defined at the interfaces 
between plies, are the out-of-plane stresses typically used in delamination criteria. In Fig. 1 the out-of-plane 
components of the stress tensor are shown. Since a transversely isotropic laminate was considered, the ( ) and (
 ) symbols were used to indicate respectively the shear stress components parallel to the interlaminar interface and 
the normal stress component perpendicular to the interface. The overall laminate response and the delamination 
onset were numerically simulated to clarify the experimental evidences. 
 
Fig. 1: Out-of-plane components of the stress tensor. 
3. Material 
The investigated material was a fabric prepreg with high strength carbon reinforcement and epoxy resin 
(AmberComposites® Multipreg HX42). The weave style was a 2/2 Twill, with two warp threads crossing every two 
weft threads. The individual thread consisted of 12000 carbon fibres. The main physical properties of the lamina 
after curing are summarized in Table 1. 
                                     Table 1: Physical properties of the lamina. 
Weight [g/m2] Moulded thickness [mm] Std. resin content [%] Density [kg/m3] 
650 0.59 35 1525 
The composite was made by hand lay-up process of 5 and 10 plies to get two laminates, 3 and 6 mm thick, 
respectively. The simple [0n]T lamination stacking sequence was adopted to have properties of the whole laminate 
similar to the lamina one. The expected laminate behaviour was of transverse isotropy with an axis of symmetry and 
only five independent elastic constants required for the compliance matrix definition. The laminates were produced 
through autoclave vacuum bagging. The laminates were cured simultaneously by a thermal cycle that does not 
induce overheating for the selected thicknesses. Further details on the curing cycle can be found in Esposito et al. 
(2016). In Figure 2 is shown the smallest possible building block of the textile to describe the periodic structure of 
the lamina with the main geometric parameters. 
After the curing process the composite was elastically characterized by traditional extensometers and digital imaging 
correlation techniques. The material transverse isotropy was verified by traction tests of bone-shaped samples 
machined from the 3mm thick laminate aligned to both the warp and weft directions. The elastic constants 
summarized in Table 2, given in the reference system of Figure 2, are suitable to describe the up to failure laminate 
macroscopic behaviour. 
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Fig. 2: Weave style representation and laminate reference system. 
Table 2: Elastic constant for the material under investigation. 
Exx= Eyy 
[MPa] 
Ezz 
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yx 
xy 
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Gyz=Gzx 
[MPa] 
60500 6235 0.075 0.4693 3900 1700 
4. Interlaminar shear results 
A total of 15 beam samples were prepared from the 6mm thick laminate. Five repetitions were considered for 
each span-depth ratio. The apparent shear strength versus the samples span-depth ratio is given in Fig. 3, while some 
descriptive statistics of the interlaminar shear stress at failure are reported in Table 3. Experimental results show a 
decrease of the apparent interlaminar shear strength as effect of the span-depth ratio increase. 
              Table 3: Descriptive statistics of the experimental sbs. 
Samples 
set Mean 
Standard 
Deviation
Lower 95% CI of 
Mean 
Upper 95% CI of 
Mean Minimum Median 
L/t=4 51.04 1.098 49.67 52.40 49.70 51.18 
L/t=6 45.62 1.498 43.76 47.49 44.15 45.84 
L/t=8 39.47 1.001 38.23 40.71 38.49 39.11 
 
 
Fig. 3: Apparent shear strength. 
 L. Esposito et al. / Procedia Structural Integrity 2 (2016) 1870–1877 1873
 Author name / Structural Integrity Procedia 00 (2016) 000–000  3 
To correctly evaluate the interlaminar stresses responsible for the delamination, a numerical procedure based on a 
global/local method for the 3D failure of twill-weave textile composites, as suggested by Woo and Whitcomb 
(1994), was adopted. The nodal displacements of the sub-model were obtained from a global analysis using 
homogenized mechanical properties. Detailed information on stresses was obtained from local-micromechanical 
analysis discretizing the matrix and the fiber bundle. Interlaminar stresses, σz, xz, and yz, defined at the interfaces 
between plies, are the out-of-plane stresses typically used in delamination criteria. In Fig. 1 the out-of-plane 
components of the stress tensor are shown. Since a transversely isotropic laminate was considered, the ( ) and (
 ) symbols were used to indicate respectively the shear stress components parallel to the interlaminar interface and 
the normal stress component perpendicular to the interface. The overall laminate response and the delamination 
onset were numerically simulated to clarify the experimental evidences. 
 
Fig. 1: Out-of-plane components of the stress tensor. 
3. Material 
The investigated material was a fabric prepreg with high strength carbon reinforcement and epoxy resin 
(AmberComposites® Multipreg HX42). The weave style was a 2/2 Twill, with two warp threads crossing every two 
weft threads. The individual thread consisted of 12000 carbon fibres. The main physical properties of the lamina 
after curing are summarized in Table 1. 
                                     Table 1: Physical properties of the lamina. 
Weight [g/m2] Moulded thickness [mm] Std. resin content [%] Density [kg/m3] 
650 0.59 35 1525 
The composite was made by hand lay-up process of 5 and 10 plies to get two laminates, 3 and 6 mm thick, 
respectively. The simple [0n]T lamination stacking sequence was adopted to have properties of the whole laminate 
similar to the lamina one. The expected laminate behaviour was of transverse isotropy with an axis of symmetry and 
only five independent elastic constants required for the compliance matrix definition. The laminates were produced 
through autoclave vacuum bagging. The laminates were cured simultaneously by a thermal cycle that does not 
induce overheating for the selected thicknesses. Further details on the curing cycle can be found in Esposito et al. 
(2016). In Figure 2 is shown the smallest possible building block of the textile to describe the periodic structure of 
the lamina with the main geometric parameters. 
After the curing process the composite was elastically characterized by traditional extensometers and digital imaging 
correlation techniques. The material transverse isotropy was verified by traction tests of bone-shaped samples 
machined from the 3mm thick laminate aligned to both the warp and weft directions. The elastic constants 
summarized in Table 2, given in the reference system of Figure 2, are suitable to describe the up to failure laminate 
macroscopic behaviour. 
 
4 L. Esposito et al./ Structural Integrity Procedia  00 (2016) 000–000 
 
Fig. 2: Weave style representation and laminate reference system. 
Table 2: Elastic constant for the material under investigation. 
Exx= Eyy 
[MPa] 
Ezz 
[MPa]
yx 
xy 
 yz 
xz
Gxy 
[MPa] 
Gyz=Gzx 
[MPa] 
60500 6235 0.075 0.4693 3900 1700 
4. Interlaminar shear results 
A total of 15 beam samples were prepared from the 6mm thick laminate. Five repetitions were considered for 
each span-depth ratio. The apparent shear strength versus the samples span-depth ratio is given in Fig. 3, while some 
descriptive statistics of the interlaminar shear stress at failure are reported in Table 3. Experimental results show a 
decrease of the apparent interlaminar shear strength as effect of the span-depth ratio increase. 
              Table 3: Descriptive statistics of the experimental sbs. 
Samples 
set Mean 
Standard 
Deviation
Lower 95% CI of 
Mean 
Upper 95% CI of 
Mean Minimum Median 
L/t=4 51.04 1.098 49.67 52.40 49.70 51.18 
L/t=6 45.62 1.498 43.76 47.49 44.15 45.84 
L/t=8 39.47 1.001 38.23 40.71 38.49 39.11 
 
 
Fig. 3: Apparent shear strength. 
1874 L. Esposito et al. / Procedia Structural Integrity 2 (2016) 1870–1877
 Author name / Structural Integrity Procedia 00 (2016) 000–000  5 
5. Numerical details 
2.1. Global model 
To simulate the overall response of the WF laminate beams, an isoparametric, three-dimensional, 8-node 
multilayered solid element, was used. Due to the symmetry of the three-point bending test, only one quarter of the 
specimen was modelled. Five elements through the thickness and two layers within each element were used. 
Interlaminar normal and shear stresses, as well as their directions, were calculated. The following delamination 
criterion was implemented: 
 
2 2
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Delamination takes place when the interlaminar shear stress   reaches its limit value ( L ) or the tensile normal 
stress  reaches the corresponding interlaminar limit value ( L ). In the mixed mode regimes, where both normal 
and shear stresses are significant, if the sum of the terms on the left hand side of eqn. (4) is equal to or greater than 
unity, failure is predicted. Shear failure is expected to occur more easily if, in addition to the shear stress, there is 
also a normal tensile stress acting on the shear plane.  
2.2. Local model 
The ability of a micromechanical FEA model to accurately predict the mechanical properties of a textile 
composite depends upon the accuracy of modeling of fiber geometry in the unit cell. To simplify the composite’s 
microstructure creation, each yarn was considered a second phase embedded in the matrix. This is a single step 
mean-field homogenization (MFH) approach that computationally is less expensive but preserves the inter-phases 
fields details. An ellipsoidal-shaped yarn cross section, with height and width of 0.29 and 2.45 mm respectively, was 
assumed. The reference volume element (RVE) was discretized by 66x66x23 reduced integrated solid elements. The 
RVE yarns mesh is shown in Figure 4a. The yarn-phase was modeled as transverse isotropic material which 
properties, in the local reference system, are summarized in Table 4. The isotropic behavior of the matrix-phase was 
imposed by the Poisson ratio and the Young’s modulus equal to 0.33 and 2900 MPa, respectively. The accurate 
linking between macro- and meso-scale was verified by the averaged elastic properties of the RVE. Half of two 
overlapped unit cells in the middle of the sample were simulated. The arrangement for both the global and the local 
analyses as well as the relative meshes positions are illustrated in Figure 4b. The kinematic boundary conditions of 
the local model were established from the solution of the global analysis. 
  
Fig. 4: a) RVE yarns mesh; b) Illustration of the local model position compared to the global one (L/t=6). 
a) b) 
6 L. Esposito et al./ Structural Integrity Procedia  00 (2016) 000–000 
                      Table 4: Yarn-phase material properties. 
Axial E11 
[MPa] 
In-plane E22=E33 
[MPa] In-plane ν23 
Transverse 
ν12 
Transverse G12=G31 
[MPa] 
165940 7287 0.343 0.236 3285 
6. Numerical results 
Using the global model and the homogenized properties of Table 1, the WF macroscopic behavior in terms of 
flexural stress versus flexural strain curve up to failure was well reproduced. In Figure 5 the numerical results were 
compared to some representative experimental curves. The experimental decrease of the apparent flexural modulus, 
due to the different shear-deflection contribution to the total deflection D, was captured. Simulations are very 
sensible to the Gzx variations and weakly from Gxy. To predict the delamination onset by the criteria given in eqn. (1), 
the apparent interlaminar shear strength as shear stress limit must be used. This due to the quite null contribute of 
the normal interlaminar stress. The negligible effect of the normal stress respect to the shear stress for each L/t 
configuration is clearly visible from the graphs in Figure 6 where the calculated interlaminar stresses  and   at 
failure are reported.  
 
Fig. 5: Global model capability to reproduce experimental tests. 
  
Fig. 6: Interlaminar stresses at failure resulting from global analysis. 
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and shear stresses are significant, if the sum of the terms on the left hand side of eqn. (4) is equal to or greater than 
unity, failure is predicted. Shear failure is expected to occur more easily if, in addition to the shear stress, there is 
also a normal tensile stress acting on the shear plane.  
2.2. Local model 
The ability of a micromechanical FEA model to accurately predict the mechanical properties of a textile 
composite depends upon the accuracy of modeling of fiber geometry in the unit cell. To simplify the composite’s 
microstructure creation, each yarn was considered a second phase embedded in the matrix. This is a single step 
mean-field homogenization (MFH) approach that computationally is less expensive but preserves the inter-phases 
fields details. An ellipsoidal-shaped yarn cross section, with height and width of 0.29 and 2.45 mm respectively, was 
assumed. The reference volume element (RVE) was discretized by 66x66x23 reduced integrated solid elements. The 
RVE yarns mesh is shown in Figure 4a. The yarn-phase was modeled as transverse isotropic material which 
properties, in the local reference system, are summarized in Table 4. The isotropic behavior of the matrix-phase was 
imposed by the Poisson ratio and the Young’s modulus equal to 0.33 and 2900 MPa, respectively. The accurate 
linking between macro- and meso-scale was verified by the averaged elastic properties of the RVE. Half of two 
overlapped unit cells in the middle of the sample were simulated. The arrangement for both the global and the local 
analyses as well as the relative meshes positions are illustrated in Figure 4b. The kinematic boundary conditions of 
the local model were established from the solution of the global analysis. 
  
Fig. 4: a) RVE yarns mesh; b) Illustration of the local model position compared to the global one (L/t=6). 
a) b) 
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                      Table 4: Yarn-phase material properties. 
Axial E11 
[MPa] 
In-plane E22=E33 
[MPa] In-plane ν23 
Transverse 
ν12 
Transverse G12=G31 
[MPa] 
165940 7287 0.343 0.236 3285 
6. Numerical results 
Using the global model and the homogenized properties of Table 1, the WF macroscopic behavior in terms of 
flexural stress versus flexural strain curve up to failure was well reproduced. In Figure 5 the numerical results were 
compared to some representative experimental curves. The experimental decrease of the apparent flexural modulus, 
due to the different shear-deflection contribution to the total deflection D, was captured. Simulations are very 
sensible to the Gzx variations and weakly from Gxy. To predict the delamination onset by the criteria given in eqn. (1), 
the apparent interlaminar shear strength as shear stress limit must be used. This due to the quite null contribute of 
the normal interlaminar stress. The negligible effect of the normal stress respect to the shear stress for each L/t 
configuration is clearly visible from the graphs in Figure 6 where the calculated interlaminar stresses  and   at 
failure are reported.  
 
Fig. 5: Global model capability to reproduce experimental tests. 
  
Fig. 6: Interlaminar stresses at failure resulting from global analysis. 
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As expected, the simulations performed by the local model show a non-uniform distribution of the interlaminar 
stresses at the interface between plies. Moreover, the mean value of the textile affected interlaminar normal stress (
 ), evaluated by the local model, is higher than the interlaminar normal stress obtained from the global model. In 
Figure 7 the out-of-plane components distribution along two significant paths on the plies interface, evaluated when 
the failure occurs in the global model, is reported. The local interlaminar shear stress ( ) evidenced lower values 
among fiber bundles where matrix content is higher. On the contrary,   showed peak values near the high-
curvature sections of the most stressed bundles. Not significant differences of   were obtained changing the span-
to-depth ratio. 
     
Fig. 7: Distributions of the interlaminar stresses evaluated by the local model when in the global model the failure is predicted. 
7. Conclusions 
It was demonstrated the woven-fabric delamination resistance can be over-estimated in numerical simulation by 
homogenized approach using the interlaminar shear strength as material reference value. Furthermore, the apparent 
interlaminar shear strength cannot be considered a real material property since it must be changed to simulate 
different L/t configurations. Thus the apparent interlaminar shear strength is hardly useful to predict the 
delamination by FEM because it does not ensure the geometrical transferability. The micromechanical model reveals 
local peaks of the interlaminar normal stress affected by the textile stile and probably by the random overlapping of 
the wave-shaped bundles. For the ideal studied configuration, those peak values at failure are very close for all the 
L/t ratios and consequently cannot justify the delamination onset observed for lower apparent interlaminar shear 
stress when the span-to-depth is increased. 
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